Background. An accurate and comprehensive anthropometric measure for predicting type 2 diabetes mellitus (T2DM) has not yet been depicted. Methods. A total of 8450 nondiabetic participants were recruited during 2000-2010 in Taiwan. The cohort was followed up to the end of 2013, over an average of 8.87 years. At recruitment, participants completed a questionnaire related to basic demographics, lifestyle variables, personal disease history, and family disease history. 3D body surface scanning was used to obtain 35 anatomical measurements. A Cox proportional hazard model was used to conduct multivariable analyses. Results. A total of 2068 T2DM cases at an incidence rate of 27.59 × 10 −3 (year
Introduction
Type 2 diabetes mellitus (T2DM) is currently the fastest growing chronic disease in the world. According to WHO calculations, the number of people affected by diabetes will have increased 114% by 2030 relative to the year 2000 [1] , and Asia is the region where diabetes is growing the fastest [1, 2] . Chronic complications from the disease result in major health care burdens and affect patient longevity and quality of life. Therefore, knowledge of early markers to predict the disease and the implementation of associated preventive strategies is vital for ameliorating this global problem.
Literature indicates that groups at a high risk for T2DM have a family history of the disease, are overweight or obese, do less exercise, have metabolic syndrome, or have had gestational diabetes mellitus [3] . People with T2DM are at risk of hypertension, hyperlipidemia, and cardiovascular disease. Central obesity, or abdominal visceral fat accumulation, is a major body shape phenotype used to predict the risk of T2DM and is related to an inflammatory response mechanism and insulin resistance [4] . One meta-analysis indicated that body mass index, waist circumference (WC), and waist/ hip ratio are three major obesity markers associated with the incidence of T2DM [5] . Another meta-analysis indicated that the use of the waist-to-height ratio (WHtR) may also predict several cardiometabolic risk factors, particularly in diabetes, and is superior to the use of the BMI [6] . Furthermore, other studies have shown that four anthropometric indices (BMI, WC, W/HR, and WHtR) are markers of obesity and may predict the future onset of diabetes, and a number of studies have documented the wide use of WC measurements to approximate abdominal visceral fat accumulation, which is documented as being associated with insulin resistance and cardiometabolic risk [7] [8] [9] [10] . However, the neck circumference (NC) has also been used as an alternative measure of upper-body subcutaneous fat, which correlates with wholebody adiposity and abdominal adiposity [7] [8] [9] 11] . Taking NC measurements has been demonstrated as practical in a relatively large population [12] [13] [14] and is a better predictor of metabolic syndrome than WC [15] . Moreover, the thigh circumference (TC) or waist-to-thigh ratio is reported to be associated with T2DM [16] [17] [18] , and low subcutaneous thigh fat has been documented as a risk factor for hyperlipidemia and hyperglycemia [19] .
Previous literature has demonstrated the use of noninvasive three-dimensional (3D) scanning technology to crosssectionally associate body measurements, such as waist-tothigh, with T2DM [18, 20] but no longitudinal studies with long-term follow-up have been performed to date. Therefore, this study investigated selected 3D body measurements in the evaluation of HRs for developing T2DM during an average 8.87-year follow-up in an established cohort.
Methods

Study Samples.
A total of 8450 participants (4431 men and 4019 women) without diabetes were recruited from the Department of Health Promotion and Examination of Chang Gung Memorial Hospital in Taiwan. The study follow-up period spanned from February 2000 to December 2013 (a total of 13 years and 11 months), and the average follow-up period was 8.87 years. This study was approved by the Institutional Review Board of Chang Gung Medical Foundation (97-2538 B).
2.2. Anthropometrical Parameters. 3D body surface measurements were collected by using whole-body 3D laser scanning according to previously published methods [20, 21] . In addition to body height, body weight, and BMI, 35 measurements from four anatomical regions were found. The trunk region included the chest profile area, chest circumference, chest width, waist profile area, WC, waist width (WW), trunk volume, and trunk surface area. The head and neck region included the head volume, head surface area, head circumference, and NC. The hip to the lower limbs included the hip profile area, hip circumference, hip width, left leg volume, left leg surface area, left calf circumference, right leg volume, right leg surface area, right calf circumference, left TC, right TC, left leg length, and right leg length. The upper limb region included the left arm volume, left arm surface area, left arm length, right arm volume, right arm surface area, right arm length, left upper arm circumference, right upper arm circumference, left forearm circumference, and right forearm circumference. In addition to whole measures of the trunk, the trunk dimension was further classified into chest and waist measures due to the distinguishably anatomic and physiological characteristics. The 3D laser scanning machine (LT3DCam) was built by Logistic Technology Company (LTC, Hsinchu, Taiwan) and was proven with high standard of accuracy due to the objective and comprehensive ways of measuring human body surface. The standard procedure of measuring is to require a subject to remove all outer clothes except for underwear in preparation for scanning (women with bras in addition to pants) and to stand still on the stage for scanning (a total scanning time is about 10 seconds) [19] . The software system will collect, realign, construct, and measure a subject's whole-body digital stature and selected information. The measurement error of the 3D scanner in measuring human surface body has been checked, and the error in the x-and y-axis is approximately 1 mm (1.2%), and in the z-axis it is less than 0.1 mm (0.2%) [22] .
2.3. Data Collection. Upon recruitment, a questionnaire was administered that requested the following information: date of birth; sex; education; marital status; occupation; history of cigarette smoking, alcohol drinking, and betel nut chewing; personal history of disease (including diabetes, hypertension, heart disease, chronic kidney disease, liver cirrhosis, and chronic hepatitis); and family history of T2DM. A medical chart review confirmed the answers provided. For those with no history of diabetes, a fasting blood glucose level was obtained. Diabetes was defined according to ADA guidelines. For those without a history of hypertension, blood pressure was measured with a mercury sphygmomanometer on the left arm after the patient had been resting for 20 minutes in a seated position. Hypertension was defined according to the guidelines of the Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure (systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or the use of antihypertensive medication) [23] . Heart disease was based on medical chart findings and defined using the ICD-9 Clinical Modification (ICD-9-CM) codes 390-398, 410-141, and 420-429. Renal disease, liver cirrhosis, and chronic hepatitis were coded as ICD-9-CM 580-583, ICD-9-CM 571.2 and 571.5, and ICD-9-CM 571.4, respectively. The occurrence of T2DM was determined using the national registration database and then further confirmed with insurance claim data. Patients diagnosed as ICD-9-CM code 250.00 and administered with DM-related drug prescriptions at least three times during the first diagnosis year were identified.
Statistical Analyses. Two independent sample t-tests
were used to compare differences between the continuous variables of the groups, and results were presented as the mean ± SD. The χ 2 test was used to differentiate between the distribution of categorical variables, and results were expressed using frequencies and percentages between the groups. 3D body surface measurements were screened using a two-sample t-test by comparing differences between patients and controls. To avoid collinearity in the regression analysis, one body measurement with the lowest p value was selected from each anatomic dimension for subsequent multivariable analysis. A Cox proportional hazard model was used to determine the strength of the association between the selected body measurements and the incidence of T2DM. In addition to the forced-in sociodemographic variables, a backward model selection with p < 0 1 was used to determine variables, including lifestyles, body measures, and underlying diseases, to be retained in the regression model. Results were expressed as hazard ratios (HRs) adjusted for confounding variables, including age, sex, education, marital status, occupation, betel nut chewing, and hypertension history. For stratified analysis, selected body measurements were further categorized into high and low levels, according to the median result. A combination of two body measurements was generated to examine highrisk body shape characteristics. The statistical software used for the analyses in this study was SPSS 22.0 (IBM Corporation, Armonk, NY).
Results
Out of the 8450 participants (a total of 74964.5 person-years with an average of 8.87 years ranging from 0 to 13.80 years) in this study, a total of 2068 cases of T2DM were identified during the follow-up period, with an incidence rate of 0.02759 per year (Table 1 ). An increased incidence of disease occurrence was found for participants older than 50.7 years (median) (HR 1.52; 95% CI = 1.36-1.70) compared with younger participants. The study sample consisted of 4431 (52.4%) men and 4019 (47.6%) women who were at risk for developing T2DM. Results showed that participants who had a lower level of education were at a higher risk of developing T2DM. T2DM occurrence was associated with occupational categories: farmers and housekeeping and others were at the highest risk. Among lifestyle variables, betel nut chewers had a higher risk of developing T2DM (HR = 1.26; 95% CI = 1.08-1.47). In addition, participants with a personal disease history of hypertension (HR = 1.98; 95% CI = 1.79-2.18) and heart disease (HR = 1.39; 95% CI = 1.202-1.611) were more likely to develop T2DM ( Table 1) .
The results of almost all selected body measurements were statistically significant between cases and controls. In general, T2DM cases had larger body measurements than controls (Table 2 ). Multivariable analyses indicated that NC (HR = 1.05; 95% CI = 1.03-1.06), WW (HR = 1.06; 95% CI = 1.04-1.08), and left TC (HR = 0.984; 95% CI = 0.972-0.995) were significantly associated with the occurrence of T2DM when adjusted for age, sex, education, marital status, occupation, betel nut chewing, and personal hypertension disease history (Table 3 ). The three body measurements were then further categorized into median high and median low groups, and combinations of NC/left TC and WW/left TC were made to further explore an association with high-risk groups. The results demonstrated a monotonic trend in multivariable-adjusted HRs for lower NC/lower TC (HR = 1.09; 95% CI = 0.96-1.24), higher NC/higher TC (HR = 1.29; 95% CI = 1.13-1.49), and higher NC/lower TC (HR = 1.38; 95% CI = 1.18-1.60), compared with lower NC/ higher TC. The combination of WW and left TC followed a dose-dependent relationship according to lower WW/higher TC (HR = 1.00), lower WW/lower TC (HR = 1.09; 95% CI = 0.94-1.26), higher WW/higher TC (HR = 1.28; 95% CI = 1.11-1.47), and higher WW/lower TC (HR = 1.28; 95% CI = 1.09-1.51) (Figure 1 ).
Discussion
The results of this prospective cohort analysis indicate that NC, WW, and TC measurements can be used as alternative biomarkers for predicting the incidence of T2DM in the Taiwanese population. In addition to waist measurements, this study demonstrates that NC, TC, and NC/TC ratio are good independent predictors of the occurrence of T2DM (Appendix A (available here)). We did analyses on models with both prevalent and incident T2DM cases and only incident T2DM cases to ascertain the reliability of selected body measures and found NC, WW, and TC to be consistency predictors to T2DM. During the analyses, our study finds that NC has a positive correlation with WC (r = 0 61; p < 0 0001) and BMI (r = 0 59; p < 0 0001) and exhibits a strong association with the occurrence of T2DM. It is considered that NC measurements could be used as an alternative biomarker to WC in predicting T2DM. However, WW could be used as a supplementary measurement to NC, as it reflects the visceral fat capacity. Although the literature indicates that TC is negatively associated with the prevalence of T2DM, it was confirmed as a long-term predictor of the occurrence of T2DM in this study [20] . The present study proposes using a combination of neck, waist, and thigh measurements as reliable biomarkers for predicting the occurrence of T2DM.
NC has been positively and significantly associated with higher age, weight, BMI, WC, and hip circumference in both men and women [12] [13] [14] . In addition, NC may present as an alternative predictive factor for being overweight and obese and is correlated with central obesity. A larger NC has also been associated with a higher WC and values and levels of metabolic syndrome components, including SBP, DBP, dyslipidemia, and hyperglycemia [14] [15] [16] . Studies have demonstrated that NC is positively associated with the incidence of T2DM [24, 25] and that a larger NC has been associated with increased insulin resistance and various cardiometabolic risk factors, such as decreasing HDL levels and increasing plasma triglyceride levels among healthy Chinese adults [26] . Notably, insulin resistance is the core etiology of metabolic syndromes and is one of the principal pathogeneses of T2DM. Another study reported that NC may well predict the occurrence of gestational diabetes in Chinese women [27] . In this study, further evidence was found in the literature to support the association between NC and T2DM. A previous study proposed that using NC as a proxy indicator of upper-body fat may be superior to using it as a proxy indicator of whole-body fat in reflecting ectopic fat deposition and indicating cardiometabolic risk [9] . The measurement has also been shown to have a higher association with HOMA, low HDL-C, and triglycerides, compared with the use of WC [28] . Overall, NC is documented as a marker of upper-body subcutaneous adipose tissue distribution and a risk indicator of insulin resistance that may result in hyperglycemia and subsequent diabetes mellitus. Because it is easy to obtain, NC is becoming an alternative measurement; it not only exhibits a strong correlation with other body markers (such as WHR and BMI) but also is associated with physiological and biochemical measurements [29] . It is thus feasible for use as an innovative measurement in clinical practice and epidemiological surveys in large population communities.
Studies have indicated that larger hip and thigh circumferences are associated with a lower risk of T2DM, independent of age, BMI, and WC [28, 30] . The soft tissue in the thigh is mostly composed of muscle mass and subcutaneous fat. The skeletal muscles are the key target organ for insulin action and the site of insulin resistance [31] . Insulin resistance, the pathogenesis of T2DM, may interfere with glucose regulation and homeostasis, eventually resulting in hyperglycemia and leading to diabetes. Because a larger TC is related to a greater area of muscle mass, it is associated with a lower risk of diabetes [32] . A larger TC indicates not only a larger muscle mass but also an increased femoral subcutaneous fat mass. This is highly beneficial for the muscles and the liver and is free from high exposure to free fatty acid uptake and storage, thereby providing better insulin sensitivity and a superior lipid profile [33] . A lower muscle mass and less subcutaneous fat in the thighs may be associated with insulin resistance and eventually result in hyperglycemia and diabetes [19] .
Our study also differs from those using traditional measurements because we used a combination of the NC/TC and WW/TC ratios to compare the HRs of T2DM incidence. These ratios may be useful as future screening measurements for identifying individuals at a high risk for diabetes. In our cohort study, a small NC and larger TC had a negative relationship with the incidence of diabetes. In addition, a small TC, in addition to being associated with diabetes, was associated with the development of heart disease or premature death [34] .
WC and WHR are frequently used in current practice to estimate body fat accumulation on the trunk, and they represent an acknowledged risk factor for many metabolic disorders. The WHR offers a measurement of the relative accumulation of abdominal fat compared with the size of the body and is more widely adopted than using WC alone. Traditionally, WC has been a popular and useful body index for evaluating whether an individual was overweight and obese. One study showed that WC explains obesity-related health risk better than BMI and that for a given WC value, overweight, obese, and normal-weight persons have comparable health risks [35] . In this study, however, NC might be an alternative measure of a certain part of visceral fat and could provide a supplement to more comprehensive amount of body fat on the upper body. In addition, WC was replaced by WW as an indicator of the trunk's capacity to accumulate abdominal fat. Therefore, using a combination of WW and NC may offer a better indicator of upper-body fat accumulation in relation to subsequent long-term adverse effects.
Studies have demonstrated that other parameters, such as body weight, BMI, WC, and WHR, are associated with T2DM [5] . However, in this cohort study, NC, TC, and WW were the most significant predictors of T2DM in an Asian population. Many studies have shown that BMI is associated with obesity and metabolic syndrome, but the association is varied across ethnic groups [36] [37] [38] . The use of BMI to indicate body fat distribution is less reliable when used as an anthropometric index to predict adverse effects due to its inability to sufficiently relate to visceral fat. The WHR is useful to determine body size or muscular mass (using the hip circumference). However, it has been criticized because it can be biased by pelvic skeletal structure and width. This study proposes a combination of NC and WW corrected using TC, as superior, comprehensive, and feasible measurements that can be used to predict future disease, such as insulin resistance and T2DM. Anthropometry is a feasible method that has a well-documented association with body fat distribution and metabolic complications. It is also cheap and easy to practice [39] [40] [41] in large population surveys and provides a reliable predictor of an individual's risk of adverse outcomes. Therefore, the measurements proposed in this study could be extended into both clinical practice and preventive medicine in the future.
To increase the accuracy of disease diagnosis, this study used accurate measuring techniques such as comprehensive whole-body scanning, computer-based technology (which reduced measurement errors), a longitudinal cohort analysis (which avoided temporal ambiguity), and national health insurance data tracking. Nevertheless, this study contains certain limitations. First, accurate radiographic measurements were not used to identify and quantify fat deposits; therefore, this study was unable to differentiate between fat tissue and muscular tissue using surface scanning. Secondly, the findings were derived from an Asian population, which serves inferences to the billions of people in Asia (such as in China), but generalizing to Western populations should be done with caution. Thirdly, there are confounders related to the information obtained in relation to the questionnaire and medical records. Some factors such as health-seeking behaviour, psychological measurements, and health knowledge were not determined, but nondifferential misclassification was assumed in this study. Finally, only one-shot measurements of 3D whole-body scanning were obtained, and therefore a study could be designed in the future that employs repeated measurements or records body changes.
Conclusions
NC, WW, and TC were found to be comprehensive and innovative measurements for use in independently predicting the occurrence of T2DM over the long term. A combination of NC and WW corrected by TC could be useful measurements for predicting an individual's future risk of developing T2DM. The body measurements shown in this study provide mechanistic conjectures for the early screening and diagnosis of T2DM in clinical practice. 
